INTRODUCTION
India's pivotal role in the dispersal of modern humans has been supported by a number of studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Archeological and genetic data suggest that the country's extensive coastal area may have served as a route for human populations that migrated out of Africa B70 000 years ago and settled Southeast Asia and Australia. 1, 7, 9, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Anatomical similarities between some southern Indian tribes and the Australian aborigines were noticed more than a century ago by Huxley 21 who suggested an India-Australia connection. Birdsell 22 attributed the physical similarities to a possible migration of people with affinities to tribal Indians into Australia about 15 000 years ago. He hypothesized that the peopling of Australia was shaped by various migratory waves. Birdsell 22 proposed that B15 000 years ago the Carpentarians, people who had physical characteristics similar to the Vedda Tribe of South India and Sri Lanka, arrived through the Gulf of Carpentaria and colonized northern and central Australia.
Birdsell's 'multiple migrations' hypothesis was supported by a mtDNA study 2 that argued for a recent link between aboriginal Australians and populations from the Indian subcontinent. This study was followed by Redd et al. 4 who reported the presence of paragroup C-M216* Y-chromosomes in both India and Australia and proposed a mid-Holocene common ancestry for these chromosomes. The genetic data suggesting multiple migrations is also supported by changes in the Australian anthropological record between 5000 and 3000 years ago. These changes include the introduction of the dingo (Australia's wild dog), possibly arriving from India, 23 the dispersal of the Australian Small Tool tradition, 24 the appearance of technology that allowed for the processing of plants 25 and the expansion of the Pama-Nyungan language over most of Australia. 26 In addition, congruencies between the Pama-Nyungan and Dravidian languages were reported by Dixon. 27 However, a study published by Hudjashov et al. 28 made use of the improved resolution of the Y-chromosomal phylogeny to distinguish the Indian C sub-haplogroup (C5) from the Australian C sub-haplogroups (C4a and C4b), strongly suggesting that no migrants from India reached Australia after the original 'Out of Africa' migratory wave. In fact, the authors argue that there has been no extensive genetic contact between the first settlers of Australia and other populations, and that Australia appears to have been largely isolated since the initial migration. In addition, several studies employing autosomal markers did not show any support for a recent India-Australia connection. 12, 29, 30 However, a more recent study using autosomal short tandem repeats (STRs) observed significant affinity between the Arrernte people of Australia and populations from the Indian subcontinent. 31 Thus, it is evident that the available data does not provide a clear picture of when and how many times modern humans ventured into Australia via India.
Several genetic studies 5, 6, [32] [33] [34] involving Indian populations have been published but they fail to reach a consensus on the origins of castes and tribes in India. A recent genome-wide study 35 employing more than 500 000 SNPs revealed that the modern Indian populations are a mixture of two source populations, the ancestral South Indians (ASI) and the ancestral North Indians (ANI). Given that tribal people represent the original inhabitants of India, 5, [36] [37] [38] they are ideal candidates for genetic studies that seek to understand modern human evolution and migrations, including the peopling of Australia. The Soliga people are a tribal community found in the Biligiri Rangana (BR) Hills in the district of Chamarajanagar, in the southern state of Karnataka, India. The Soliga fit the general physical description of the Australoid ethnic group: dark complexion, curly hair, short-stature, a dolichocephalic head, a sunken nasal root and a depressed nasal bridge. [39] [40] [41] They speak Soliganudi 42 a dialect that has 65% lexical similarity with Kannada, a Dravidian language spoken in Karnataka, Andhra Pradesh, Tamil Nadu and Maharashtra. 43 The Soliga tribe constitutes the only scheduled tribe (Ethnic minority groups identified by the Indian Constitution for special consideration. 44 ) in the BR Hills. 40 They are considered among the ancient populations of India of the 'Veddid' type (Dravidian speaking, forest dwelling, tribes of South India), believed to be true autochthones of the country. 45 Their forest-bound way of life combined with the relative inaccessibility of the BR Hills may have resulted in the cultural as well as geographic isolation of the Soligas from other populations. 40 Autosomal STRs are hypervariable markers that have proven to be useful in the elucidation of recent human evolution. 46 Their selective neutrality, widespread distribution throughout the genome, abundance, large number of alleles and high heterozygosity provide the high resolution necessary for assessing phylogenetic relationships among closely related human populations. [46] [47] [48] [49] [50] In addition, unlike the uniparental mtDNA and Y-chromosome haplotypes, STRs are biparentally derived, allowing for the assessment of a more representative genetic profile of the populations under scrutiny.
In the present study, 15 autosomal STR loci were typed to characterize the genetic diversity of the Soliga people. The allelic frequencies generated were then compared with other previously published geographically targeted populations both from India and other worldwide locations. Our data indicate phylogenetic affinities between the Soligas and two Australian aboriginal populations from the Northern Territory.
MATERIALS AND METHODS

Sample collection and DNA purification
Buccal swabs were collected with informed consent from a total of 90 unrelated individuals belonging to the Soliga tribe of the BR Hills located in the Chamarajanagar district of Karnataka state in southern India (Figure 1 ). Regional ancestry was established by recording every person's genealogical data for at least two generations. The collection was performed in accordance with the ethical guidelines put forth by the institutions involved. DNA was extracted following manufacturer's instructions (Qiagen Inc, Valencia, CA, USA; Puregene, Gentra Systems, Minneapolis, MN, USA) and stored at À80 1C
DNA amplification and STR genotyping
DNA samples were amplified at 15 autosomal STR loci (D8S1179, D21S11, D7S820, CSF1PO, D3S1358, THO1, D13S317, D16S539, D2S1338, D19S433, vWA, TPOX, D18S51, D5S18 and FGA). PCR amplification was performed using the AmpFlSTR Identifiler kit 51 in an Eppendorf Mastercycler Gradient thermocycler (Eppendorf AG, Hamburg, Germany). Protocols and cycling conditions were followed as described by the manufacturer. The resulting amplicons were separated by multi-capillary electrophoresis in an ABI Prism 3100 Genetic Analyser (Applied Biosystems, Foster City, CA, USA). GeneScan 500 LIZ (Applied Biosystems) was used as an internal size standard. For genotyping, the GeneMapper software v3.1 (Applied Biosystems) was employed to ascertain fragment size. Alleles were designated by comparison with an allelic ladder supplied by the manufacturer.
Data analysis
Allelic frequencies were determined with the aid of the web-based GENEPOP program version 3.4. 52 The following parameters of population genetics interest were computed using the PowerStats 1.2 Software (Promega Corporation, Madison, WI, USA): 53-55 matching probability, power of discrimination, polymorphic information content, power of exclusion and typical paternity index. Observed heterozygosity (Ho), expected heterozygosity (He), and gene diversity index were calculated with the Arlequin software package version 2.000. 56 Statistical significance was evaluated before and after applying the Bonferroni correction for 15 loci (a¼0.05/15¼0.0033).
Allelic frequencies for the 30 populations listed in Table 1 were utilized to perform a correspondence analysis (CA) employing the NTSYSpc-2.02i software. 74 CA is a statistical method to analyze two-way contingency tables containing some measure of association between rows and columns. The matrix containing 30 populations arranged in columns and their corresponding allelic frequencies for 15 STR loci in rows was then fed into the software The genetic diversity of the Soliga people of South India DM Morlote et al for analysis. Based on the similarities and differences between the allelic frequencies, a two dimensional plot is generated displaying any association between the studied populations. The variability of the data is distributed mainly on the first and second axes, which accounts for majority of the genetic information. The method is based on a model of independent evolution and it is informative when many markers and populations are involved in a study. Phylogenetic relationships among the populations were also assessed by using the PHYLIP v3.68 program 75 to construct a neighbor joining (NJ) dendrogram based on Nei's genetic distances. The robustness of the phylogenetic relationships was ascertained using Bootstrap analysis involving 1000 resamplings.
Inter, intra and total population genetic variance (Gst, Hs and Ht, respectively), as well as average heterozygosity for each population were computed with the DISPAN program. 76 Geographical demarcations were used to classify the 30 populations into the following eight groups: (1) sub-Sahara Africa (Madagascar, Tanzania, Mozambique, Kenya, South Africa, Angola and Equatorial Guinea); (2) Southwest Asia (Yemen, Qatar, Iraq and Iran); (3) South Central Asia (Pakistan, Rajbanshi, Oraon, Santal, Punjab, Kappu Naidu, Kamma Chaudhary, Soliga and Bangladesh); (4) South Central Asia excluding the Soliga tribe (group 4 is as group 3 minus the Soligas. The Soligas were excluded in order to assess the population's impact on genetic variance components); (5) Northeast Asia (China, Korea and Japan); (6) Southeast Asia (Thailand, Philippines, Java, Bali and Malaysia); (7) Australia (Australian aborigines and declared Australian aborigines) and (8) all populations (including all 30 populations listed in Table 1 ).
Genetic differences among the 30 populations were estimated by performing pairwise comparisons utilizing the Carmody program's G test. 77 A Bonferroni adjustment (a¼0.05/435¼0.000115) was employed to compensate for potential type I errors.
Admixture analyses were conducted to further explore genetic affinities between the Soligas and the six groups of geographically targeted populations defined in Table 1 (as the Soliga tribe constituted the hybrid population, it was removed from the South Central Asian parental group). Although admixture tests are usually aimed at ascertaining the genetic contributions of hypothetical source populations to a hybrid, they may also reflect shared ancestry or genetic affinity in general. 61 Therefore, admixture assessment can be employed to explore relationships other than the parent-hybrid type. A second admixture test sought to investigate any possible contributions from sub-Sahara Africa, Southwest Asia, South Central Asia, Northeast Asia and Southeast Asia to the two aboriginal Australian populations was also performed. The Soligas were included in the South Central Asia parental group for this analysis.
Admixture tests were performed utilizing the weighted least squares method 48, 78 with the aid of the Statistical Package for the Social Sciences (SPSS) 14.0 software (SPSS Inc., Chicago, IL, USA). The weighted least squares method was utilized as stated in the equation:
where p ih is the frequency of the ith allele in the hybrid population, p ij corresponds to the frequency of the ith allele in the jth reference group (j¼1,y, J), m j is the proportionate contribution of the jth reference gene pool to the hybrid population, and
RESULTS
Intra-population diversity
The allelic frequencies, expected (He) and observed (Ho) heterozygosities, Hardy-Weinberg equilibrium P-values and indices of population genetics interest (matching probability, power of discrimination, polymorphic information content, power of exclusion, typical paternity index, gene diversity index) for the Soligas are listed in Table 2 . The Soliga people exhibit the lowest total number of alleles (115) when compared to the 29 reference populations in Intrapopulation variances (Hs) are summarized in Table 3 . The subSaharan African populations possess the highest intrapopulation variance (0.79601) whereas the lowest is seen in the Northeast Asia group (0.77909). South Central Asia exhibits the fourth highest Hs (0.78733); however, after excluding the Soligas, intra-population diversity increases to 0.79224, the second highest overall.
Interpopulation diversity
Phylogenetic relationships among all populations were ascertained with the aid of a CA, a NJ dendogram and the Carmody program's G-test.
The Gst values provided in Table 3 were generated to investigate interpopulation variance. Genetic affinities and possible contributions to hybrid populations were examined by admixture analyses.
Five main aggregates can be discerned within the CA plot ( Figure 2 ): One consisting of all the sub-Saharan African populations except for Madagascar, a second including Northeast and Southeast Asia, a third grouping all South Central Asians except for the Soliga tribe, a fourth including the Southwest Asian populations and a fifth consisting of the two aboriginal Australian populations along with the Soligas. South Central Asia forms a rather tight cluster with the exception of Rajbanshi, which plots fairly close to the Northeast/Southeast Asia, and the Soliga tribe, which strays away from the South Central Asian cluster to join the two Australian aboriginal collections. As expected, the two southern Dravidian-speaking tribes, Kappu Naidu and Kamma Chaudhary, show more affinity to the Soligas than the other South Central Asian populations.
The NJ phylogram (Figure 3) corroborates the CA graph in that four of the clusters in the CA are clearly represented. The sub-Saharan African, Southwest Asian, Northeast and Southeast Asian populations form well delineated clades in the tree. The Soliga tribe again joins the two Australian populations, confirming their association in the CA. The South Central Asian populations segregate in between the Northeast and Southeast Asia clades found in the lower half of the dendrogram whereas the Southwest Asia and the sub-Saharan Africa clusters partition in the upper half of the phylogram.
Inter and total population variance values (Gst and Ht, respectively) are shown in Table 3 . The lowest interpopulation variance value is seen in the group formed by the two aboriginal Australian populations (Gst ¼0.00339); however as only two Australian populations, both from Northern Territory, are used in the study, it is unlikely that the reported value is representative of the actual interpopulation variance of all aboriginal Australian populations in the continent. South Central Asia displays the highest Gst (0.01474) except for the all-populations group (Gst ¼0.02645). Excluding the Soliga tribe from the South Central Asia group of populations results in a 29.2% decrease in the Gst (0.01043). This considerable reduction in Gst upon the removal of the Soligas argues for the genetic uniqueness of the tribe. It is noteworthy that even with the exclusion of the Soligas, South Central Asia still has the highest Gst value of all remaining geographic groupings, indicative that a high interpopulation diversity is inherent to the region. Total variance is highest among the sub-Saharan African group (Ht ¼0.80274), closely followed by the South Central Asian group without the Soliga people (Ht ¼0.80059), which is in turn followed by South Central Asia (Soliga people included) (Ht ¼0.79910).
The G-test results are presented in Table 4 . Statistically insignificant genetic differences were observed before applying the Bonferroni correction (a¼0.05) in the following pair-wise comparisons: Kenya/ Abbreviations: GDI, gene diversity index; He, expected heterozygosity; Ho, observed heterozygosity; HWE, Hardy-Weinberg equilibrium; MP, matching probability; PD, power of discrimination; PE, power of exclusion; PIC, polymorphic information content; TPI: typical paternity index.
Equatorial Guinea, Kenya/Angola, Qatar/Yemen and Iraq/Yemen. After applying the Bonferroni correction for potential type I errors (a¼0.0001149), several other pair-wise comparisons were also proven statistically insignificant (Table 4 ). The Soliga tribe was found to be statistically different from all 29 populations it was compared with. This uniqueness persisted after applying the Bonferroni correction. Statistically insignificant P-values before Bonferroni correction are shown in bold italic whereas P-values that became insignificant post Bonferroni correction are shown in bold. Admixture proportions were calculated for the Soligas using six parental groups, which were established based on geographic divisions and phylogenetic affiliations as assessed in the CA and NJ analyses: sub-Saharan Africa, Southwest Asia, South Central Asia, Northeast Asia, Southeast Asia and Australia. Their affinities to the Soliga's gene pool are presented in Table 5 . The South Central Asian group exhibits a contribution of 70.5% to the Soligas. Noteworthy, the only other group to show an affinity to the Soliga genome is the aboriginal Australian parental group, sharing 29.5% of its genetic material. When the two Australian populations are used as hybrids (Table 6) , South Central Asia is revealed as the major contributor to both the Australian aborigines and the declared Australian aborigines (58.4 and 69.1%, respectively). Interestingly, Southwest Asia and subSaharan Africa are the second (23.9%) and third (13.4%) major contributors, respectively, whereas Northeast Asia makes no contributions to either population, while Southeast Asia shares only 4.5% of its genetic material with the Australian aborigines and contributes nothing to the declared Australian aborigines (Table 6 ).
DISCUSSION
The tribal populations of India are considered the original inhabitants of the sub-continent. Therefore, it is likely that many of the unanswered questions about modern human evolution and migration can be addressed by studying the country's indigenous people. Furthermore, modern human's coastal route out of Africa that culminated in the initial settlement of Australia is thought to include migrational 40 a relatively inaccessible part of southern state of Karnataka, India. Traditionally, the Soliga do not interbreed with neighboring populations like the Kappu Naidu and Kamma Chaudhary. There is no information, to our knowledge, why the Soligas reside in this mountainous region under rather primitive conditions. Yet, in the absence of gene flow, it is possible that the Soligas have maintained a distinct gene pool. The genetic uniqueness of Soliga people is reflected in a number of population genetic parameters. For example, they possess the lowest number of alleles (115) of all the reference worldwide populations examined (Table 1) . They also display the lowest average observed heterozygosity (0.75643) (Supplementary Table 1 ). The high degree of genetic homogeneity observed could also have been caused, in part, by their low status in the social hierarchy.
Interpopulation diversity (Gst) (Table 3 ) among the South Central Asian group (0.01474) is substantially higher than in the sub-Saharan African (0.00838), Southwest Asian (0.00622), Northeast Asian (0.00376), Southeast Asian (0.00830) and aboriginal Australian (0.00339) populations. The high interpopulation diversity is also reflected in the NJ tree with South Central Asian populations failing to form a distinct clade (Figure 3) . The high Gst could be the result of a combination of various source populations in the peopling of South Central Asia, particularly India. 5, 84 Subsequent socio-cultural barriers most likely had a role in hindering genetic flow among population groups. In order to explore the impact of the Soliga people on South Central Asia's interpopulation diversity, the tribe was excluded from the South Central Asian group, which resulted in a Gst of 0.01043, a 29.2% decrease from the original Gst, which included the Soligas. These results reflect on the genetic singularity of the Soligas. The uniqueness of the Soliga people is also evident from the G-test results wherein they were found to be statistically different from the entire set of 29 reference populations examined in this study. The Soligas exhibit significant genetic differences in relation to all 29 reference populations even after the application of the Bonferroni adjustment. The genetic diversity of the Soliga people of South India DM Morlote et al The genetic diversity of the Soliga people of South India DM Morlote et al
In the CA (Figure 2 ), the Soliga stray from the South Central Asian cluster in the direction of the two aboriginal Australian populations. The affinity between the Soliga and the Australian groups is also supported by the NJ dendrogram (Figure 3 ) wherein the Soliga people form a sister clade with the two Australian collections. It is noteworthy that in the CA and the NJ tree, the Soligas exhibit stronger ties to the two aboriginal Australian populations than to the Kappu Naidu and Kamma Chaudhary, two neighboring Dravidian speaking tribes from Andhra Pradesh. Interestingly, the two Australian populations map close to the South Central Asian and Southwest Asian clusters in the CA but far from the Northeast/Southeast Asian cluster. Admixture analysis (Table 6 ) confirms this observation by revealing major contributions to the gene pool of the Australian aborigines and declared Australian aborigines from South Central Asia (58.4 and 69.1%, respectively) and Southwest Asia (23.9 and 15.9%, respectively). Some contribution from Africa to the aboriginal Australians is also detected (13.4% to the Australian aborigines and 15.0% to the declared Australian aborigines) but only minimal contribution is seen from Southeast Asia (4.3%) to Australian aborigines. Northeast Asia contributes nothing to the gene pool of the two aboriginal Australian populations. These results parallel an earlier study 31 that failed to detect any substantial East Asian contribution to the gene pool of the Arrernte tribe of central Australia while detecting a 56.4% Indian influence and a 25.2% Arab contribution via admixture analysis. The genetic affinity of the two aboriginal Australian populations to Southwest Asia is also reflected in the CA (Figure 2) , with the two aboriginal Australian collections plotting relatively close to the Southwest Asian cluster. When the admixture test is applied using the Soliga tribe as a hybrid, the Australian group shares 29.5% of its genetic material with the Soligas, again confirming affinity between the aboriginal Australian populations and the Soliga people.
As 15 independent hypervariable autosomal STR loci were genotyped for this study, it is unlikely that the genetic affinity between the two Australian aboriginal populations and the Soligas as reflected in the admixture analyses, CA, NJ dendrogram and allelic sharing (Tables 5  and 6 , and Figures 2 and 3) is the consequence of chance convergence. If indeed, as suggested by Hudjashov et al., 28 no migrations from India reached Australia after the original settlement, then the observed affinities among the two aboriginal Australian populations and the Soligas would have to be solely attributed to the genetic signature left by the original out of Africa migrants sometime during the Pleistocene (B60 000-75 000 years ago). This early dispersal may be a genetic source for some relic populations in southern India, Southeast Asia, Papua New Guinea and Australia. These regions have been postulated to include direct descendants of the 'Out of Africa' migratory event. 30 Given that the migratory wave from India to Australia could have taken as little as B3000 years, 7 the subsequent over 60 000 years 7 of independent evolution with no genetic exchange between Australian aborigines and the Indian populations would be expected to create substantial differences between these populations due to random genetic drift, founder effects, bottleneck events and admixture. In the case of Australian aborigines, various degrees of admixture with Europeans have occurred. It is unclear whether the sixty millennia that hypothetically separate Indian and Australian populations could have allowed for the close genetic affinity observed between the Soligas and the two Australian aboriginal populations.
Alternatively, the autosomal STR-based genetic affinity could be explained invoking additional more recent migration(s) 2,4,22 from southern India to Australia with some the Y-chromosome and mtDNA haplogroups introduced by the migrants being lost or not detected. As haploid genomes, like those contained in the Y-chromosome and mtDNA, represent one quarter of the effective population size when compared with autosomes, 85 they are more subject to genetic drift, drop out events and founder effects, which may partly account for the apparent absence of any haplogroup lineages in common between India and Australia. Even if these uniparental haplogroups were not completely lost, it is possible that any existing Indian Y lineages are so underrepresented in the Indian and/or Australian gene pools that they have not been sampled or that the populations analyzed and referenced by Hudjashov et al. 28 were not impacted by the proposed recent Indian migratory event. Considering the high genetic diversity among Indian populations and the limited genetic data on Australian aboriginal populations, the above mentioned possibilities could be a likely scenarios. In relation to these conjectures, previous studies have shown a high degree of heterogeneity among the different Australian aboriginal tribes 79, 86 with the most genetically distinct populations inhabiting the North Australian region. 86 
CONCLUSIONS
The present study examines the genetic profile of the Soliga tribe from Southern India based on 15 autosomal hypervariable STR loci. In addition, comparative analyses were performed to assess the phylogenetic relationship of the Soligas to a battery of worldwide geographically targeted populations. The results delineate a number of interesting genetic characteristics about the Soligas. The Soligas possess the lowest number of alleles and average observed heterozygosity when compared with all the worldwide populations examined, most likely the results of isolation and/or inbreeding. The positive effect of removing the Soligas from the South Central Asian group on the intrapopulation variance (Hs) and the negative impact on the interpopulation variance (Gst) values corroborate the genetic homogeneity of this tribe. Furthermore, the Soliga's genetic uniqueness is reflected in their statistically significant differences to all the reference populations as examined in the G-test, even after implementation of Bonferroni adjustments. Moreover, a Soliga-Australian 
